Chronic inflammation (CI) is a risk factor for pancreatic cancer (PC) including the most common type, ductal adenocarcinoma (PDAC), but its role and the mechanisms involved are unclear. To investigate the role of CI in PC, we generated genetic mouse models with pancreatic specific CI in the presence or absence of TP53. Mice were engineered to express either cyclooxygenase-2 (COX-2) or IκB kinase-2 (IKK2), and TP53 +/+ or TP53 f/f specifically in adult pancreatic acinar cells by using a full-length pancreatic elastase promoter-driven Cre. Animals were followed for 480 weeks and pancreatic lesions were evaluated histologically and immunohistochemically. The presence of K-ras mutations was assessed by direct sequencing, locked nuclei acid (LNA)-based PCR, and immunohistochemistry. We observed that sustained COX-2/IKK2 expression caused histological abnormalities of pancreas, including increased immune cell infiltration, proliferation rate and DNA damage. A minority of animals with CI developed preneoplastic lesions, but cancer was not observed in any TP53 +/+ animals within 84 weeks. In contrast, all animals with CI-lacking TP53 developed various subtypes of PC, including acinar cell carcinoma, ductal adenocarcinoma, sarcomatoid carcinoma and neuroendocrine tumors, and all died within 65 weeks. No evidence of K-ras mutations was observed. Variations in the activity of the Hippo, pERK and c-Myc pathways were found in the diverse cancer subtypes. In summary, chronic inflammation is extremely inefficient at inducing PC in the presence of TP53. However, in the absence of TP53, CI leads to the development of several rare K-ras-independent forms of PC, with infrequent PDAC. This may help explain the rarity of PDAC in persons with chronic inflammatory conditions.
INTRODUCTION
The link between inflammation and cancer, first suggested in the nineteenth century by Rudolf Virchow, who observed that tumors are frequently infiltrated with immune cells, is now accepted as an important component of cancer development. 1 The risk of developing pancreatic cancer (PC) is elevated by a variety of inflammatory conditions including chronic pancreatitis, alcohol abuse, smoking and obesity. 2 Chronic inflammation (CI) is also associated with several other cancers including gastric, colorectal and liver. 2, 3 However, most people with chronic inflammatory conditions do not develop cancer, suggesting that chronic inflammation is not efficient at driving carcinogenesis. Nonetheless, inflammation can directly affect epithelial cells to generate reactive oxygen and nitrogen species that lead to DNA damage and result in genetic instability. 4 Genetic instability increases the probability of random genetic alterations some of which are carcinogenic. 5 Currently, the consequences of prolonged inflammation in the pancreas are unclear, as are the mechanisms responsible for protecting the cells from the potentially carcinogenic effects of inflammation.
In the current study, we utilized genetic models expressing clinically relevant genes to generate chronic inflammation in the pancreas. Mice were developed with pancreatic expression of either cyclooxygenase-2 (COX-2) or IĸB kinase-2 (IKK2), in the presence or absence of TP53. COX-2 or IKK2 activity, which is often observed in patients with inflammation, results in generation of a pathologically relevant variety of mediators. In the current study, specific expression or deletion relevant genes were achieved by crossing floxed or floxed-stopped versions of these molecules with mice bearing a Cre recombinase driven by a full-length mouse pancreatic elastase promoter previously found to be highly efficient and specific for adult pancreatic acinar cells 6 (Supplementary Figure 1) . The mice were observed for periods of up to 84 weeks and the progression of pancreatic changes was assessed.
Surprisingly, no tumors were observed with either driver of CI when TP53 was present. However, in the absence of TP53, complex tumors with multiple subtypes of K-ras-independent cancers were always observed. These data suggest that initial loss of TP53 may be important for the development of rare forms of pancreatic cancer. Evidence that genetic instability was responsible for carcinogenesis caused by CI in the absence of TP53 included the long latency required for tumor formation, the direct detection of DNA damage, and the complexity of the resulting tumors. These findings help explain the low frequency of pancreatic ductal adenocarcinoma (PDAC) in patients with chronic inflammatory conditions and the rarity of non-PDAC tumors in the pancreas.
RESULTS
Targeted expression in pancreas of COX-2 and/or IKK2 leads to chronic inflammation but does not readily induce tumorigenesis in the presence of wild-type TP53 Analysis of pancreatic histology revealed slowly progressive chronic inflammation in mice expressing COX-2 ( Figure 1a ). In the majority of COX-2 expressing mice, the pancreata did not show significant pathological changes at 20 weeks of age, but by weeks 40 and 80, prominent acinar atrophy, vacuolization and moderate levels of acinar to ductal metaplasia (ADM) were evident. At later times, ductal proliferation and ectasia were the most prominent features. Low frequencies of early pancreatic intraepithelial neoplasia (PanIN) lesions ((PanIN1 in 35% (7/20); PanIN2 in 5% (1/20)) were observed. (Figure 1a ). COX-2 expression caused increased expression of proinflammatory and profibrogenic cytokines (Supplementary Figure 1D) . The presence of CI was confirmed by increased immune cell infiltrate including leukocytes and pancreatic stellate cells, with macrophages being the most common. A slow accumulation of collagen deposition was also observed (Figure 1a ; Supplementary Figures 2A and B) . The progression of changes was associated with an increase in the proliferation rate assessed by Ki-67 staining, with the highest degree of proliferation within ducts ( Supplementary Figures 2C  and D; Figure 1c ). DNA damage was also evident in mice expressing COX-2, as indicated by increased cells with nuclei positive for γH2AX foci (Figure 1c; Supplementary Figure 2E) .
The histologic changes in the pancreata of IKK2 expressing mice were generally similar to those of COX-2 expressing mice. Both IKK2 and COX-2 expression caused progressive loss of acinar cells (Figures 1a and b) . IKK2 expression induced the infiltration of leukocytes, indicating ongoing inflammation, and increased proliferation rate and DNA damage (Figures 1b and c ; Supplementary Figures 2A and C-E) . However, unlike COX-2 mice, IKK2 bearing mice showed no evidence of ADM and the most prominent histologic change was fatty replacement of the pancreas. In addition, IKK2 bearing mice showed no increase in pancreatic fibrosis (Figure 1b) . Despite prominent chronic inflammatory changes, neither the expression of COX-2 nor IKK2 nor the expression of both COX-2 and IKK2 led to PC development in any mice during the observation period of 84 weeks.
Chronic inflammation leads to multiple subtypes of pancreatic cancer in the absence of TP53 Deletion of TP53 in the pancreas had no obvious effects on pancreatic histology, nor did any TP53 − / − /Cre mice developed pancreatic tumors (Figure 1d ). However, when COX-2/IKK2 were expressed in mice lacking TP53, all mice developed abdominal swelling, a palpable mass, became moribund, or showed continuous weight loss, leading to death or humanitarian sacrifice. All of the mouse models with CI and TP53 deletion had significantly shorter survival times compared with those only lacking TP53. None of the mice with CI-lacking TP53 survived longer than 65 weeks (Figure 2A ). However, we did not observe statistically significant differences among the TP53 Figure 3A) . Examination of these tumors revealed mixed carcinomas of different histologic subtypes, including acinar cell carcinoma (ACC), ductal adenocarcinoma (PDAC), poorly differentiated tumors with sarcomatoid features (SC), as well as neuroendocrine carcinoma (NEC) ( Figures 2B and C Figure 2C ), a marker of ductal differentiation. ACC was identified as a region with acinar or solid growth pattern showing a positive immunoreactivity for amylase and the absence of cytokeratin 19 staining ( Figure 2C ). NEC was identified using neuroendocrine markers chromogranin A and synaptophysin. In some tumors, the neuroendocrine carcinoma compartment represented more than 25% of neoplastic cells, which fits the diagnostic criteria for mixed carcinomas of pancreas in humans ( Figure 2C ). 7, 8 Variability in the immune cell infiltration was also observed within tumors (Supplementary Figures 3B and C) . Among the variety of cells infiltrating the tumor, we detected an increase in the number of cells positive for Stem cell antigen-1 (Sca-1) (Supplementary Figure 3C) . Sca-1 is widely used to detect hematopoietic stem cells and is a candidate marker in the search for tissue-resident and cancer stem cells. Sca-1 is upregulated in many tumors such as retinoblastoma, mammary gland and prostate cancer. Fibroblastic tumors and mammary adenocarcinoma cells expressing high Sca-1 levels are more malignant than tumors with low Sca-1 expression. 9 In addition, we detected the presence of single cells Sca-1 positive in COX-2/Cre and IKK/ CreBAC mice (Supplementary Figure 3D) . We also assessed the proliferation rate in tumors, which was significantly higher compared with controls, with variability observed between tumor types (Supplementary Figures 4A-D) . We also observed DNA damage by positive immunohistochemistry for γH2AX (Supplementary Figures 4E and F) . It has been previously reported, that TP53 deletion contributes to metastasis of PC. 10 In this study, we observed metastases to the liver in 30% of tumors. Surprisingly, most of the metastatic carcinomas showed positive strong immunoreactivity for amylase, and weak or negative staining of CK-19, which were consistent with ACC ( Figure 2D ). Cancers induced by chronic inflammation in the absence of TP53 showed heterogeneity of cancer-related genes and pathways but oncogenic mutations of K-ras were not detected To further characterize the tumors in our mouse models, we next analyzed for the presence or absence of the common genetic alterations known in PC. Point mutations (G12D, G12V) in K-ras are present in the majority of PDAC. In the current study, direct DNA sequencing did not detect K-ras mutations in microdissected histologically defined PDAC areas. It is known to be very difficult to accurately detect the scarce copies of single-base mutated genes in neoplastic tissues among thousands of copies of wildtype DNA. Therefore, we further examined the samples using an alternative approach to analyze gDNA using an locked nuclei acid (LNA) probe to suppress the amplification of the WT allele, which was previously described as allowing sensitive detection of mutant K-ras. 11 Consistent with our direct DNA sequencing results, we did not reveal the presence of K-ras mutations using this approach ( Figure 3A ). In addition, immunohistochemistry using an antibody specific for mutant K-ras did not provide positive staining in these tumors, though it readily identified mutant K-ras expressing cells in control LSL-Kras mice ( Figure 3B; Supplementary Figure 5 ). Despite the lack of detection of mutant K-Ras, the expression of pERK, which can act as a marker of Ras activation was observed in scattered cells in the areas of PDAC ( Figure 3C ), as well as occasionally in the expanded ducts in COX-2 expressing animals and acinar cells in IKK expressing mice (Supplementary Figure 6 ) but was not observed in control mice or non-PDAC tumors.
The tumor suppressor p16 is lost in around 50% of PDAC. However, in genetic mouse models it has been observed that tumors generated by the expression of oncogenic K-ras and deletion of TP53 typically retain p16. 12 In agreement with these previous observations, in the present study we found persistent expression of p16 in the majority of the tumors, including within the limited PDAC component. However, loss of p16 expression was observed in some areas of poorly differentiated carcinoma with sarcomatoid features (Figure 4; Supplementary Figure 7) , which may indicate more extensive genetic alterations in this cancer subtype.
There is growing evidence that the Hippo signaling pathway may have an important role in PC. 13 We noted that ectopic expression of COX-2 led to the upregulation of the major Hippo pathway molecule, Yes-associated Protein (YAP). YAP had a predominant nuclear localization (indicating activation of Hippo pathway) in ductal cells of COX-2/Cre mice at the age of 20 weeks and an increase in nuclear expression mainly within ADM and PanIN lesions at later stages (Supplementary Figure 8A) . We determined the YAP expression in the mixed carcinomas developed in this model. The PDAC component showed a predominant nuclear expression of YAP, similar to what is observed in oncogenic K-ras models (LSL-Kras G12D /Cre mice) ( Supplementary Figures 8A and B) . In contrast, non-PDAC areas of tumors showed predominant cytoplasmic YAP localization and sarcomatoid tumors showed complete loss of YAP expression. In addition, we detected nuclear YAP expression in stromal cells associated with tumors ( Figure 5; Supplementary Figure 8A ). Our findings confirmed the important role of Hippo pathway in pancreatic tumorigenesis and indicate that different YAP expression patterns occur in different pancreatic tumor types.
Levels of activated c-Myc and Akt were also evaluated. c-Myc protein has an essential role in DNA damage-induced apoptosis through the control of TP53 protein.
14 Interestingly, c-Myc induced transformation of acinar cells in transgenic mouse was previously shown to produce both acinar and mixed acinar/ductal neoplasms. 15 More recently, serine 62 phosphorylated Myc (pS62Myc), a key residue that is phosphorylated in response to mitogen stimulation and Ras-raf-MEK-ERK signaling, has been shown to play a role in the induction of proliferation of many cells and to be essential for regenerative proliferation in response to DNA damage. 16 We found increased nuclear expression pS62Myc only in the PDAC component of the mixed carcinomas and in stromal cells ( Figure 5 ). Increased expression was also detected within ADM and PanIN lesions in COX-2/Cre mice (Supplementary Figure 9A) . PI3K/Akt signaling is one of the most commonly deregulated signaling pathways in cancer, including PDAC. 17 We detected increased pAkt expression within ADM and PanIN lesions in mice overexpressing COX-2 while only focal pAkt expression was found within tumors (Supplementary Figure 9B) .
DISCUSSION
In this study, chronic inflammation of the pancreas induced by expression of either COX-2 or IKK2 caused major pathological alterations, but did not induce PC in animals with WT TP53 within 84 weeks (1.6 years). This indicates that chronic inflammation alone is an inefficient driver of PC. In contrast, in the absence of TP53, mixed carcinomas consisting of multiple pancreatic cancer subtypes including PDAC, ACC, SC and NEC consistently developed and were fatal within 65 weeks. Surprisingly, PDAC was not the predominant component in these tumors and no K-ras mutations were observed. Rather, the histological heterogeneity of the tumors was accompanied by heterogeneous alterations in cancer-related pathways including YAP, pERK, c-Myc and Akt. Therefore, CI, even in the absence of TP53, is ineffective at inducing PDAC, the most common type of human PC. These observations may help explain the rare occurrence of pancreatic cancer in patients with CP and other inflammatory conditions. In the current study, CI was achieved by transgenic expression of COX-2 or IKK2 in adult pancreatic acinar cells. IKK2 leads to the continuous phosphorylation and degradation of inhibitory proteins controlling NF-kB activation. 18 NF-kB activity is high in CP and PDAC where it regulates the expression of genes involved in inflammation and cell survival. 19 COX-2 is also upregulated in inflammation and is high in patients with CP and PDAC. COX-2 activation is associated with the generation of inflammatory molecules including prostaglandins, prostacyclin and thromboxane A2. [20] [21] [22] Previous genetic mouse models with ectopic expression of COX-2 driven either from the CK5 or elastase promoter reported development of pancreatic fibrosis and a variety of premalignant alterations but no metastatic tumors. 23, 24 Interestingly, expression of COX-2 from the CK5 promoter, which targeted duct cells, caused severe histological alterations and itself was lethal within~30 weeks. 23 However, it is unclear whether the deaths in that mouse model were accounted for by expression within the pancreas or at other sites. In another study, when inflammatory cytokine IL1b was expressed in mice bearing a copy of mutant TP53 R172H/+ there was an increase in ADM, but again no tumors were observed. 25 In the current study, expression of COX-2 or IKK2 in adult acinar cells did not result in tumors within 84 weeks. However, the presence of PanIN lesions in a small minority of the COX-2 expressing mice suggests that with more time cancer might develop and would likely be PDAC.
In the current study, chronic inflammation led to DNA damage in pancreatic acinar cells. In the presence of TP53, this DNA damage caused the loss of acinar cells. The most likely explanation for the observations made in this study is that, in the absence of TP53 mediated apoptosis or senescence, the genetic instability 5 caused by CI eventually led to carcinogenesis. The surviving genetically unstable cells developed of a variety of cancer subtypes, indicating no favored pathway to transformation ( Figure 6 ). The development of cancers in the absence of TP53 required a long latency of at least~9 months. This suggests that even with high levels of genetic instability, the probability of developing alterations required for carcinogenesis is low. We were not able to detect the most common K-ras mutations, which are the most frequent genetic alterations found in PDAC.
PDAC often involves oncogenic mutations of K-ras, with the reported frequency of K-ras mutations in studies of patient samples of PDAC varying greatly from 92% to only 47.2%. 26, 27 The discrepancies in mutation frequencies could be attributable to differences in the detection methods, specimen types, or the racial characteristics of the patients. In the current study, we were unable to detect the most common mutation of K-ras (G12) even in microdissected areas of PDAC. Single nucleotide mutations are difficult to detect in a background of wild-type genes. Thus, it remains possible that mutations of K-ras existed in some areas of PDAC. We also did not assess other K-ras mutations that are rare in human PDAC samples. 28 Nonetheless, these observations indicate that oncogenic mutation of K-ras was clearly not the predominant pathway of carcinogenesis in these studies. Furthermore, these data indicate that K-ras is neither favored nor necessary for the development of the rarer forms of PC such as ACC or endocrine carcinoma. Interestingly, it was previously observed that PDAC occurring in mouse models with genetic instability caused by BRACA2 deletion plus interference with TP53 were reported to develop invasive PDAC of variable histological features with relatively long latency and to have a very low frequencies of secondarily acquired K-ras gene mutations. 29, 30 Thus, genetic instability per se does not favor mutation of K-ras but rather leads to a variety of genetic alterations and results in heterogeneous tumors.
In the current study, in the absence of TP53 a high percentage of rare tumors were observed, such as ACC, which accounts for about 5 and 15% of PC in adults and children, respectively. 7,8 ACC is not associated with K-ras mutations. 7, 8, 31 Recently, TP53 genetic alterations were found in~50% of ACC and were correlated with worse survival. 32 In the current study, sarcomatoid and neuroendocrine carcinomas were also observed. The preponderance of these rarer forms of PC in these models suggests that loss of TP53 is normally a rare event. Potentially this is explained by the need for two genetic events to lose TP53 function, as a single wild-type allele is sufficient for TP53 activity. The probability of random DNA instability generating two genetic events to block TP53 function is lower than the probability of developing a single mutation in the K-ras gene. This may explain the relative abundance of PDAC compared with the other forms of PC, because when K-ras is mutated as a first hit, the cancer that develops is always PDAC.
In contrast to the relative inefficiency of chronic inflammation to initiate PC, it has been well established that inflammation can accelerate the development of cancer in cells with preexisting oncogene expression. For PC, inflammation greatly accelerates the development of cancer in adult cells bearing activating mutations of K-ras. 33 This effect of inflammation in cells expressing endogenous levels of oncogenic K-ras has been partially explained by the observation the mutant K-ras has very low activity until stimulated by external factors such as inflammatory stimuli. [34] [35] [36] However, once Ras activity is elevated sufficiently, it generates inflammation through its ability to activate mechanisms such as COX-2 and NF-kB, which can perpetuate the cycle. 35 Furthermore, the inflammation generated by high Ras activity is a form of CI and induces genetic instability, increasing the probability of losing a tumor suppressor and developing PDAC. Thus, inflammation is clearly a risk factor once K-ras mutations exist.
In conclusion, this study improves our understanding of the role of chronic inflammation and TP53 loss in the development of pancreatic cancers. The data indicate that chronic inflammation in the presence of TP53 is inefficient at inducing carcinogenesis. In contrast, chronic inflammation in the absence of TP53 generates acinar, ductal, neuroendocrine and sarcomatoid tumors, most of which are rare in patients and are independent of K-ras mutations. Taken together with epidemiological data, these observations suggest that oncogenic mutation of K-ras is a rare consequence of chronic inflammation, but when it occurs it can lead to PDAC. Clearly the mechanisms responsible for K-Ras mutations are important and currently unknown. The loss of TP53 function appears to be even less probable, but when it occurs the result can be several different forms of pancreatic cancer which are K-ras independent.
MATERIALS AND METHODS

Genetically engineered transgenic mice
A full-length elastase (Ela) gene promoter was used to drive the expression of tamoxifen-regulated CreERT specifically in adult pancreatic acinar cells in mice (Ela-CreERT) as described previously. 6 COX-2-floxed mice were obtained from Harvey R. Herschman, UCLA, Los Angeles, California, USA. 37 For targeted expression of COX-2 in pancreatic acinar cells, COX-2 floxed mice were bred with Ela-CreERT mice to generate COX-2/Ela-CreERT mice (referred as COX-2/Cre; Supplementary Figure 1) . Transgenic mice expressing conditionally active IKK2 were developed as described previously. 18 Briefly, a fragment containing loxP-GFP-stop-loxP followed by active IKK2 (produced by conversion of 2 conserved serines in the T loop of IKK2 with glutamates; a kind gift from Dr. Michael Karin at the University of California, San Diego, USA) was cloned into a pCAGGS vector (provided by Dr Miyazaki, Kamamoto University Medical School, Japan), which contains a cytomegalovirus and a chicken-actin promoter that generates high levels of expression. All transgenic mice were developed by pronuclear injection. For targeted expression of IKK2 in pancreas, IKK2 mice were bred with Ela-CreERT mice to generate IKK2/Ela-CreERT mice (referred as IKK/Cre). Transgenic expression of GFP was visualized under a UV lamp. The TP53-floxed conditional deletion mice were obtained from the Mouse Models for Human Cancer Consortium Repository (Rockville, MD, USA). 38 For targeted pancreas-specific TP53 deletion, mice were bred with Ela-CreERT mice to generate TP53 
Histology
Pancreatic tissues were fixed with 10% formaldehyde in phosphatebuffered saline (PBS), embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E). Histological analysis was performed by pathologists blinded to experimental procedures. Each mouse pancreas was assessed for the presence of pancreatic changes, including inflammatory cell infiltrate, acinar cell atrophy, fibrosis, ADM, PanIN and histologic subtypes of PC.
Immunohistochemistry
Immunohistochemical staining was performed on pancreatic paraffin sections. Briefly, after deparaffinization, antigen retrieval (DAKO target retrieval solution, DAKO, Carpentaria, CA, USA) was performed in a steamer for 20 min at 98°C. Endogenous peroxidase activity was blocked with H 2 O 2 , followed by washing and blocking, and primary antibodies were applied: α-smooth muscle actin . After overnight incubation (4°C), slides were washed with PBS and PBS-containing 0.05% Tween 20, and then incubated with appropriate secondary antibodies (Vectastatin Elite ABC Kit (Vector Laboratories, Burlingame, CA, USA) for all except pERK for which rabbit on rodent horseradish peroxidase-labeled polymer RMR622H (Biocare Medical, Concord, CA, USA) was used). Positive labeling was detected by exposing the sample to DAB+Substrate system (DAKO). Counterstaining was performed with Gill no. 3 hematoxylin (Sigma-Aldrich).
To calculate the immune cell infiltration per vision field (40 × ; 10 image per case) were included. The immunohistochemical stainings for Ki-67, 
